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Total sliding mode controllerAbstract In spite of its several advantages, a classic direct power control (DPC) of doubly fed
induction generators (DFIGs) driven by variable speed wind turbines has some drawbacks. In this
paper, a simple and robust total sliding mode controller (TSMC) is designed to improve the classical
DPC performance without complicating the overall scheme. The TSMC is designed to regulate the
DFIG stator active and reactive powers. Two integral switching functions are selected for describ-
ing the switching surfaces of the active and reactive powers. Reaching phase stability problem of the
classical sliding mode controller is avoided in the proposed TSMC. Neither current control loops
nor accurate values of machine parameters are required in the proposed scheme. In addition, axes
transformation of the stator voltage and current are eliminated. The grid side converter is controlled
based on DPC principle to regulate both DC-link voltage and total reactive power. The feasibility
of the proposed DPC scheme is validated through simulation studies on a 1.5 MW wind power gen-
eration system. The performance of the proposed and conventional DPC schemes is compared
under different operating conditions.
ª 2015 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Doubly Fed induction generators have been widely used for
large scale wind generation systems. Control and operation
of DFIGs have been the subject of intense research during last
few years. Wind farms based on the DFIGs with converters
rated at 25–30% of the generator rating are becoming increas-
ingly popular. Compared with wind turbines using ﬁxed speed,
the DFIGs based wind turbines offer not only advantages of
variable speed operation and four-quadrant active and reactivepower capabilities, but also lower converter cost and power
losses [1]. Various control algorithms have been proposed for
studying the behavior of DFIG based wind-turbine system
during normal operation. Most existing models widely used
a conventional vector control based on a stator ﬂux orienta-
tion (SFO) [2] or a stator voltage orientation (SVO) [3]. A
decoupled control of the instantaneous stator active and reac-
tive powers has been achieved by regulating the decomposed
rotor currents using proportional–integral (PI) controllers.
However, PI-controllers performance is highly dependence
on tuning of parameters and accurate tracking of angular
information of stator ﬂux/voltage. Moreover, the vector or
ﬁeld oriented control schemes need accurate values of machine
parameters and rotor speed.
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direct self control (DSC) [4] and a direct torque control
(DTC) [5] have been proposed for cage rotor induction
machines. In these strategies, two hysteresis controllers,
namely torque and ﬂux controllers are selected to determine
the inverter instantaneous switching state [6]. Similar to the
DTC, a direct power control (DPC) of DFIG based wind tur-
bine systems has proposed recently [6–15]. The instantaneous
switching state of the rotor side converter is determined based
on the stator active and reactive power errors. Thus, unlike
existing DTC techniques, measurements are carried out at
one terminal of the machine whereas the switching action is
carried out at another terminal [6]. Since the rotor supply fre-
quency may be very low, the rotor ﬂux estimation can be sig-
niﬁcantly affected by the machine parameter variations. In [7],
DPC strategy based on an estimated stator ﬂux has been pro-
posed. As the stator voltage is relatively harmonics free, the
accuracy of the stator ﬂux estimation can be guaranteed.
However, an unﬁxed switching frequency is considered the
main drawback of classical DPC. In [8], a modiﬁed DPC strat-
egy was proposed based on SFO control with a constant
switching frequency, where a reference rotor voltage was calcu-
lated based on the estimated stator ﬂux, active and reactive
powers and their errors. In [9], an active and reactive power
proportional–integral controllers and space vector modulation
technique (SVM) were combined to replace the conventional
hysteresis controllers. For operation under unbalanced and
harmonically grid voltage, different DPC algorithms were
designed to overcome the bad effects under these conditions
and improve the overall performance [10–15]. In [10], two res-
onant controllers were designed to regulate the active and reac-
tive power without sequential decomposition involved. In [11],
the electromagnetic torque oscillations at double supply fre-
quency under unbalanced stator supply were eliminated. In
[15], an improved DPC strategy of a wind turbine driven
DFIGs connected to distorted grid voltage conditions was
presented.
For robust and high performance DPC, a sliding mode con-
troller (SMC) was studied in the literature [16–23]. It is an
effective, high frequency switching control strategy for nonlin-
ear systems with uncertainties. It can offer many good proper-
ties such as good performance against unmodeled dynamics,
insensitivity to parameters variation, external disturbance
rejection and fast dynamic response. A SMC was designed to
control the RSC under normal abnormal grid voltage condi-
tions [16–23]. In [16], an integral sliding mode controller was
designed to regulate the electromagnetic torque and stator
reactive power. SMC and fuzzy logic controller are combined
to control doubly fed induction machines [17]. A discrete SMC
is designed to regulate the real and reactive stator power of
DFIG [18]. Sliding mode controller is proposed to regulate
the stator active and reactive power under unbalanced and
harmonically distorted grid voltage [20–23]. In [22], two sliding
mode controllers are designed to determine directly the switch-
ing state of RSC and GSC under harmonically and unbalanced
grid voltage conditions. However, the switching frequency of
the two converters is variable and high chattering appears in
the electromagnetic torque, DC-link voltage, stator and total
powers waveforms. However, the reaching phase stability
and chattering problem were not taken into account in the pre-
vious research.In this paper, a coordinated direct power control of the
RSC and grid side converter (GSC) is presented. The GSC is
controlled based on DPC principle to regulate the DC-link
voltage, total active and reactive power. Meanwhile, the
RSC is controlled to regulate the stator active and reactive
powers. To obtain high performance DPC, a simple and
robust sliding mode controller is designed to control the
RSC and regulate the stator active and reactive power. Two
integral functions are selected to describe the switching sur-
faces for stator active and reactive power control. The total
sliding mode controller is designed to avoid the reaching phase
stability problem. The proposed scheme preserves the advan-
tages of the classical DPC such as simplicity, less parameters
dependence and fast response. In addition, axes transforma-
tion of the stator voltage or current is not required. The stabil-
ity of the total sliding mode controller is proven using
Lyapunov stability theorem. Finally, the proposed and con-
ventional DPC [11] schemes performance is veriﬁed by the sim-
ulation study on 1.5 MW DFIG system under variation of
wind speed, machine parameters and unbalanced grid voltage.
2. Maximum Power Point Tracking (MPPT) strategy
The output power of a wind turbine is given [24]:
Pm ¼ cPðk; bÞqA
2
v3t ð1Þ
where Pm is a mechanical output power of the turbine (W), cP
is a power coefﬁcient, q is an air density (kg/m3), A is a turbine
swept area (m2), vt is a wind speed (m/s), k is a tip speed ratio
of the rotor blade tip speed to wind speed, and b is a blade
pitch angle (). A generic equation is used to model cp (k, b),
based on the modeling turbine characteristics is:
cPðk; bÞ ¼ c1 c2ki  c3b c4
 
e
c5
ki þ c6k ð2Þ
The coefﬁcients c1 to c6 of 1.5 MW wind turbine are [24]:
c1 = 0.5176, c2 = 116, c3 = 0.4, c4 = 5, c5 = 21 and
c6 = 0.0068. The maximum value of cp (cpmax = 0.48) is
achieved for b= 0 and for k= 8.1. This particular value of
k is deﬁned as the nominal value (k_nom). The mechanical
power Pm as a function of generator speed, for different wind
speeds and blade pitch angle b= 0, is illustrated in Fig. 1.
3. Dynamic model of DFIG
Fig. 2 shows the generalized equivalent circuit of a DFIG in a
synchronous reference frame (d-q) rotating at an angular speed
of xe [1]. The stator and rotor voltages are given, respectively,
as follows:
Vs ¼ RsIs þ d
dt
ks þ jxeks
Vr ¼ RrIr þ d
dt
kr þ jxskr
ð3Þ
where xs is the slip angular speed (xs ¼ xe  xr), xr is the
rotor angular speed, Rs and Rr are the stator and rotor resis-
tances, respectively, Is and Ir are the stator and rotor currents,
respectively. The stator and rotor ﬂux can be expressed as
follows:
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Figure 1 Turbine and tracking characteristic with pitch angle = 0.
Figure 2 Equivalent circuit of a DFIG in a synchronous
reference frame.
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kr ¼ LmIs þ LrIr
ð4Þ
where Ls = Lrs + Lm and Lr = Lrr + Lm. Lm, Lrs and Lrr are
the mutual inductance and the stator and rotor leakage induc-
tances, respectively. According to (4), the stator current is
given as
Is ¼ Lrks  Lmkr
LsLr  L2m
¼ ks
rLs
 Lmkr
rLsLr
ð5Þ
where r ¼ ðLsLr  L2mÞ=ðLsLrÞ.
Under balanced network conditions, the amplitude and
rotating speed of the stator ﬂux are constant.
d
dt
ks ¼ 0 ð6Þ
Neglecting the voltage drop across the stator resistance, the
stator voltage equation can be simpliﬁed as
Vs  jxeks ð7Þ
For SVO, d-axis of the synchronous reference frame (dq) is
ﬁxed to the stator voltage (Vsq ¼ 0; Vsd ¼ Vs), the stator ﬂux
components in the d–q reference frame can be expressed as [3]
ksd ¼ 0; ksq ¼ Vsd=xe; ð8Þ
The stator apparent power can be calculated as
Ss ¼ Ps þ jQs ¼ 
3
2
Vs  bIs ð9Þwhere bIs is the conjugated space vector of Is. Splitting the
previous equation into real and imaginary parts yields
Ps ¼ krVsdkrd; Qs ¼ krVsd krq þ
LrVsd
Lmxe
 
ð10Þ
where kr ¼ 3Lm2rLsLr.
From (10), the rotor ﬂuxes in the dq reference frame are
calculated as
krd ¼ Ps
krVsd
; krq ¼  Qs
krVsd
 LrVsd
Lmxe
ð11Þ4. Design of total sliding mode controller
The sliding mode strategy is based on the design of the discon-
tinuous control signal that drives the system states toward spe-
cial manifolds in state space. The manifolds are chosen in such
a way that the system will have the desired behavior as the
state converges to it [16]. The TSMC is designed to generate
the rotor voltage reference components from the stator active
and reactive power errors. Two integral switching functions
are selected for active and reactive power control. The
reference rotor voltage is estimated based on the selected two
integral switching functions.
The switching functions of the active and reactive powers
are chosen as
S ¼ Kpeþ Ki
Z t
0
edt ð12Þ
where S ¼ SP SQ½ T; e ¼ eP eQ½ T; eP ¼ Ps  Ps;
eQ ¼ Qs Qs,
Kp and Ki are positive gains, and Ps and Qs are the actual
values of the stator real and reactive powers which can be esti-
mated from the measured stator voltage and current signals.
The time differentiation of the sliding surfaces can be
expressed as follows:
_S ¼ Kp _eþ Kie ð13Þ
From (10), time derivative of the stator active and reactive
power can be calculated as:
Figure 3 Equivalent circuit of the GSC.
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dt
¼ krVsd dkrd
dt
;
dQs
dt
¼ krVsd dkrq
dt
ð14Þ
From (3), the time derivative of the rotor ﬂux components
can be expressed as:
dkrd
dt
¼ Vrd  RrdIrd þ xskrq
dkrq
dt
¼ Vrq  RrqIrq  xskrd
ð15Þ
Combining 10, 11, 14 and 15, neglecting stator resistance
voltage drop, time derivative of the sliding surfaces yields
_S ¼ Mþ FDu ð16Þ
where _S¼ _SP_SQ
 
; M¼ KiePþKp _P

S
KieQþKp _QS
 
; F¼Kpxs Qsþ
LrVsd
LmxePs
 
;
D ¼ KpKrVsd, and u ¼ VrdVrq
 
System uncertainties occur due to the deviation of the
machine parameters from their nominal values and external
disturbance. Taking these uncertainties into account, (16)
can be rewritten as:
_S ¼ Mþ Fn DnuþW ð17Þ
where Dn and Fn are the nominal values of D and F, respec-
tively. W is the lumped uncertainty which can be expressed as:
W ¼ WP
WQ
 
¼ DFþ DDu ð18Þ
The control effort law of the SMC (the reference stator
voltage u) can be selected to satisfy this condition _S ¼ 0, this
yield
u ¼ D1n ðMþ Fn þ asignðSÞÞ ð19Þ
where aP jWj; a ¼ aP
aQ
 
; u ¼ Vrd Vrq
 T
and aP; aQ
are positive gains.
The highly nonlinear and coupled dynamics of the matrices
ðD1n ;FnÞ complicate the design of the SMC. The variables of
these matrices can be analyzed as bounded disturbances regu-
lating the stator active and reactive power. So, it can be added
to the lumped uncertainties. The control effort can be rewritten
as follows:
u ¼ M1 þ a1signðSÞ ð20Þ
where M1 ¼ D1n M and a1 ¼ jD1n ðFn þ aÞj
The control effort is designed such that the system trajec-
tory is forced toward the sliding surface (S ¼ 0), however,
the sensitivity of the controlled system to uncertainties still
exists in the reaching phase. To overcome this problem,
the TSMC idea is chosen [25], where the control effort can
be written as:
u ¼ M1 þ a1 satðSÞ þ KcSþ
KPPs
KQQs
 
ð21Þ
where satðSÞ ¼ SjSjþk ;KP;KQ;Kc and k are positive gains.
The function satðSÞ may be used instead of the function
signðSÞ to reduce the chattering in the control effort. The third
and fourth terms are added into (21) to insure the stability of
the TSMC during reaching phase. The stability of the pro-
posed TSMC is proved using Lyapunov stability theorem inthe Appendix. It is shown that, the estimation of TSMC
control effort (21) does not need machine parameter values.
The reference rotor voltage can be transformed into the rotor
reference frame as
Vrabc ¼ VrdqejðhehrÞ ð22Þ5. Direct power control of GSC
The equivalent circuit of the GSC in dq-synchronous reference
frame is shown in Fig. 3 [26,27]. Similar to the ﬂux linkage in
DFIGs, stator ﬂux ðksÞ and converter ﬂux ðkgÞ can be deﬁned
as
ks ¼
Z
Vsdt ð23Þ
kg ¼
Z
Vgdt ð24Þ
In dq-synchronous reference frame, (23) and (24) can be
expressed as
Vs ¼ _ks þ jxeks ð25Þ
Vg ¼ _kg þ jxekg ð26Þ
The relationship between the two ﬂuxes can be given as
ks ¼ LgIg þ kg ð27Þ
where Lg and Ig are the inductance and current of GSC,
respectively. The instantaneous active and reactive power of
GSC can be expressed as:
Pg þ jQg ¼ 
3
2
Vs  bIg ð28Þ
where bIg is the conjugated space vectors of Ig. Using (27) and
(28), the GSC’s powers can be estimated as
Pg þ jQg ¼ 
3
2
Vs  1
Lg
ðk^s  k^gÞ ð29Þ
Decomposing the active and reactive power of the GSC
yields
Pg ¼ 3
2Lg
Vsdkgd; Qg ¼ 
3
2Lg
Vsd kgq þ Vsdxe
 
ð30Þ
The time derivative of the active and reactive power can be
expressed as follows:
dPg
dt
¼ 3Vsd
2Lg
dkgd
dt
;
dQg
dt
¼  3Vsd
2Lg
dkgq
dt
ð31Þ
Over a constant sample time (Ts), the active and reactive
power variation can be expressed as
Sliding mode direct power control of RSC for DFIGs 1071DPg ¼ 3Vsd
2Lg
Dkgd; DQg ¼ 
3Vsd
2Lg
Dkgq ð32Þ
where DPg ¼ Pg  Pg and DQg ¼ Qg Qg.
The GSC active power reference ðPgÞ is estimated as
Pg ¼ ðkpv þ kdvsþ
kiv
s
ÞðVdc  VdcÞ ð33Þ
where kpv, kdv and kiv are the proportional, differential and
integral gains of the PID controller, respectively.
From (26), the reference GSC voltages, over a constant
sample time (Ts), can be estimated as follows
Vgdq ¼ Dkgdq=Ts þ jxekgdq ð34Þ
Substituting (30) and (32) into (34), the reference GSC
voltage can be expressed as follows:
Vgd ¼
2LgDPg
3VsTs
þ 2LgxeQg
3Vs
þ Vsd
Vgq ¼ 
2LgDQg
3VsTs
þ 2LgxePg
3Vs
ð35ÞTable 1 Parameters of the simulated DFIG.
Rated power 1.5 MW Lrs 0.171 pu
Stator voltage 575 V/60 Hz Lrr (referred
to the stator)
0.156 pu
Stator/rotor
turns ratio
0.38 Lm 2.9 pu
Rs 0.0071 pu Lumped inertia
constant
5.04 s
Rr (referred to
the stator)
0.005 pu6. System implementation
The block diagram of the proposed DPC strategy is given in
Fig. 4. Three phase stator voltages and currents are measured
and transformed into a stator stationary reference frame. For
RSC, the stator output active and reactive powers are calcu-
lated from the measured stator voltage and current signals.
The rotor voltage reference values are estimated using
TSMC controller. Finally, a pulse width modulation (PWM)
technique is used to provide the switching patterns of the
RSC with a constant switching frequency. For GSC, the active
and reactive power values are calculated using the measured
stator voltage and GSC current. The reference value of the
GSC voltage is estimated using (35). It is shown that the pro-
posed schemes are less complicated compared with otherFigure 4 Block diagram of the DPC of a Dcontrol algorithms such as vector or ﬁeld oriented control,
where the current control loops and axes transformation of
the voltage and current are totally eliminated. Moreover,
PI-controllers of RSC and GSC are not required.
7. Simulation results
Simulations of the proposed control strategies for a DFIG-
based wind generation are conducted by using the Matlab/
Simulink package. The DFIG is rated at 1.5 MW, and its
parameters are listed in Table 1. Fig. 5 shows the schematic
diagram of the tested system. The nominal dc-link voltage is
1200 V, and the switching frequencies for both converters are
3 kHz. As shown in Fig. 5, a high-frequency AC ﬁlter is shunt
connected to the stator side to absorb the switching harmonics
generated by the two converters. The parameters of the pro-
posed total sliding mode controller are selected to provide
optimum performance as: Ki = 5, Kp = 0.1, Kc = 0.1,
KP = 1, KQ = 1, a= [5 5]. For GSC, the proportional, differ-
ential and integral gains of the PID controller are kpv = 0.5,
kiv = 50, kdv = 0.05.
Case (1): In this case, the performance of the conventional
[11] and proposed TSMC schemes is tested under referenceFIG under balanced network conditions.
AC/
DC
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575V/ 1.5 MW
10000 µF
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Figure 5 Schematic diagram of the tested system.
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Figure 6 Performance of the conventional and TSMC direct power controllers with power references variation.
1072 E.G. Shehatapower variation. In [11], the RSC is controlled based on
conventional DPC scheme, while the GSC is controlled
based on vector control. The rotor speed is assumed to be
constant at 1.1 p.u. The reference values of stator active
and reactive powers are set at 0.7 and 0 p.u., respectively.
At t= 2.5 s, the stator active power reference value is
assumed to be changed to 1 p.u. At t= 3 s, the stator reac-
tive power reference value is changed to 0.5 p.u. Fig. 6
shows the results of the conventional DPC and TSMC,
respectively, under the described operating conditions.
The ﬁgure shows the waveforms of the stator current
(Isabc), total current (Itabc), rotor current (Irabc), stator
active power (Ps) (blue line), stator reactive power (Qs)(green line), dc-link voltage (Vdc) waveforms and electro-
magnetic torque (Te), respectively. All the values are given
in per unit. The waveforms are enlarged from 2 to 4 s for
better illustrations. It is shown that the TSMC controller
has high performance compared to the conventional
DPC. The PID controller could regulate well the DC-link
voltage where no oscillations appear in the power and
DC-link voltage waveforms of the TSMC compared to
the conventional DPC. The decoupling control of the stator
active and reactive power is achieved. The electromagnetic
torque of the proposed scheme has low ripples especially at
low power command. The power waveforms of the two
schemes are enlarged in Fig. 7. The results show that the
2.47 2.5 2.53
0.5
1
1.5
Conventional DPC
P
s
2.47 2.5 2.53
0.5
1
1.5
P
s
TSMC
2.97 3 3.03
-0.5
0
0.5
1
Q
s
Conventional DPC
2.97 3 3.03
-0.5
0
0.5
1
Q
s
TSMC
Figure 7 Enlarged power waveforms of the conventional DPC
and TSMC controllers.
Fig
po
Sliding mode direct power control of RSC for DFIGs 1073TSMC controller has fast transient response. It is clear
from the results that the TSMC controller has satisﬁed
performance.
Case (2): In this case, the performance of the proposed
scheme is tested under wind speed, machine parameters
and stator reactive power variation. The rotor speed is
changed from 0.9 to 1.1 p.u. during one second (from 3
to 4 s.). The DFIG is operated in a maximal power tracking
mode, where its active power is controlled according to the
optimal speed curve [11]. The reactive power reference is
changed from 0 to 0.5 p.u. at t= 3 s. The stator and rotor
resistance of the DFIG are assumed to be increased due to
heating by 50% and the magnetizing inductance is
decreased by 50% due to saturation. In this test, the lumped
inertia constant of the system is set to a relatively small2 2.5 3 3.5 4 4.5 5
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Fig
etevalue of 0.5 s for a better illustration. Fig. 8 shows the sim-
ulation results of the TSMC under the described conditions.
The ﬁgure shows the waveforms of the stator current (Isabc),
total current (Itabc), rotor current (Irabc), stator active power
(Ps), stator reactive power (Qs), GSC active power (Pg),
GSC reactive power (Qg), dc-link voltage (Vdc), electromag-
netic torque (Te) and rotor speed (wr) waveforms, respec-
tively. It is shown that the decoupled control of the stator
active and reactive powers is achieved under sub-
synchronous or super-synchronous operation. The con-
trollers can transfer smoothly from sub-synchronous to
super-synchronous speed operation. Small oscillations
appear in the power waveforms as a result of a low inertia.
Actually, the high inertia of the turbine and generator could
damp these oscillations. In spite of parameters variation,
the stator active and reactive powers can track well the
reference values.
Case (3): In this case, the performance of the TSMC is
tested under unbalanced grid voltage conditions. Single
phase voltage unbalance (10%) is assumed to be occurred
at 2.5 s [24]. The stator and rotor resistance of the DFIG
are assumed to be increased due to heating by 50% and
the magnetizing inductance is decreased by 50% due to sat-
uration. The rotor speed is changed from 1.05 to 0.95 p.u.
during 2.5 s. The reference values of the stator active and
reactive powers are 1 and 0 p.u., respectively. The simula-
tion results of the proposed scheme are shown in Fig. 9.
The results show that the three phase stator voltage, stator
current, total current and the rotor current waveforms have2.6 2.62 2.64 2.66 2.68 2.7
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ure 9 Performance of the TSMC during wind speed, param-
rs variation and unbalanced grid voltage (10%).
1074 E.G. Shehatalow harmonics. The stator active and reactive powers, DC-
link voltage and electromagnetic torque waveforms have
low oscillations. These oscillations decrease as the slip
angular speed (xs ¼ xe  xr) increases.8. Conclusion
In this paper, a robust scheme is proposed to improve the per-
formance of the DPC of the DFIG driven by variable speed
wind turbine. Total sliding mode controller is designed to
replace the conventional DPC. TSMC is designed to generate
the switching state of the RSC based on the stator active and
reactive power errors. In addition, the GSC is controlled based
on DPC to regulate the dc-link voltage and reactive power.
The proposed scheme preserves the advantages of the classical
DPC such as simplicity and less parameters dependence. The
performance of conventional and proposed schemes is studied
under wind speed, machine parameters, power reference varia-
tion and unbalanced voltage grid conditions. By comparing
the performance of the proposed scheme with conventional
DPC, it can conclude that the proposed scheme has fast tran-
sient response under reference power variation conditions. The
proposed scheme has superior performance under sub- and
super-synchronous speed operation even with parameters vari-
ation. Moreover, under unbalanced grid voltage condition
operation, the stator, rotor and total currents have very low
harmonics content. In addition, the DC-link voltage, electro-
magnetic torque, stator active and reactive power waveforms
have small oscillations.
Appendix A
Stability of the proposed SMC
The stability of the proposed SMC can be proved using
Lyapunov stability theorem.
Deﬁne Lyapunov function as follows:
V ¼ 1
2
sTs ðA:1Þ
The time derivative of V on the state trajectory is given by
_V ¼ sT _s ðA:2Þ
Substituting (17), the time derivative of V becomes
_V ¼ STðMþ Fn DnuþWÞ ðA:3Þ
By substituting the control effort (19)
_V ¼ sTW ajsTj ðA:4Þ
For a > jWj, Eq. (A.4) will become:
_V 6 0 ðA:5Þ
This proves the stability of the proposed controller.
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